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Abstract

Accelerated lifetime tests were performed on double-mesa structure Si0.TGeo.3/Si npn

heterojunction bipolar transistors, grown by molecular beam epitaxy, in the temperature

range of 175°C-275°C. The transistors (with 5x20 gm 2 emitter area) have DC current

gains ~ 40-50 and f'r and fmax of up to 22 GHz and 25 GHz, respectively. It is found that

a gradual degradation in these devices is caused by the recombination enhanced impurity

diffusion (REID) of boron atoms from the p-type base region and the associated

formation of parasitic energy barriers to electron transport from the emitter to collector

layers. This REID has been quantitatively modeled and explained, to the first order of

approximation, and the agreement with the measured data is good. The mean time to

failure (MTTF) of these devices at room temperature under 1.35 xl04 AJcm 2 current

density operation is estimated from the extrapolation of the Arrhenius plots of device

lifetime versus reciprocal temperature. The results of the reliability tests offer valuable

feedback for SiGe heterostructure design in order to improve the long-term reliability of

the devices and circuits made with them. Hot electron induced degradation of the base-

emitter junction was also observed during the accelerated lifetime testing. In order to

improve the ttBT reliability endangered by the hot electrons, deuterium sintered

techniques have been proposed. The preliminary results from this study show that a

deuterium-sintered HBT is, indeed, more resistant to hot-electron induced base-emitter

junction degradation.



1. INTRODUCTION

The rapidprogressof Si/SiGeheterojunctionbipolar transistor(HBT) technology
has made Si-baseddevices very attractive for microwave applications. Among the
existing SiGe technologies,Si/SiGe/Si HBTs have beenmost widely studied [1]-[5]
owing to theadvantagein materialcharacteristics,suchasthenear-zeroconductionband
offsetbetweenSi andstrainedSiGelayers,which is preferredfor npnHBT applications.
The useof a smallerbandgapSiGealloy in the baseof theHBT increasestheefficiency
of minority carrierinjection. This resultsin an increaseof collectorcurrentandcurrent
gain even thoughthe basedoping is high. The high basedoping yields a smallerbase
resistance,which in turn leadsto high maximum oscillationfrequencyf_x, high Early
voltageandlow noisefigure. However,thep-njunctions in aHBT mustbewell defined
andcoincidentwith theheterojunctions.Basedopantoutdiffusionduring epitaxyand/or
during device processingand operation shifts the location of p-n junctions, usually
resulting in the formation of parasiticenergybarriersnear the base-emitterand base-
collectorjunctions,which cansignificantly reducethecurrentgain andcutoff frequency
[6], [7].

Device performanceis a function of time in general,sincethe deviceperformance
parametersareliable to change,graduallyor abruptly,astheoperationtime accumulates.
Therefore,excellentperformanceobservedduring the initial measurementon a device
doesnot necessarilyguaranteelong-termreliability. For theSi/SiGeHBT technologyto
bea choicefor commercialradiofrequencyintegratedcircuits the long-termreliability of
Si/SiGeHBTs hasto beprovenand,to ourknowledge,very limited reporton this subject
existsin the literature. Neugroschelet al [8] have investigated the time-to-failure of GeSi

bipolar transistors with current-acceleration method in which base-emitter reverse-bias

stress was applied at room temperature. While this method can significantly accelerate

the degradation of devices and is effective for observing the device degradation caused

by hot carriers, it is not suitable for evaluating the device degradation caused by atomic

diffusion. Another investigation, on the effects of base-emitter reverse-bias stress on the

cryogenic operation of SiGe HBTs, has been reported by Babcock et al [9]. Specially

tailored techniques are required to evaluate the long-term reliability of devices since it

takes impractically long times to observe any appreciable degradation in the device

performance under normal operating conditions. The long-term reliability can be most

effectively evaluated by accelerated lifetime testing (ALT), i.e., measuring the device

lifetime at elevated temperatures under normal bias conditions [10]-[12]. Unlike the

current-acceleration method used by Neugroschel et al [8], this ALT method resembles

the real operating condition of HBTs. By extrapolating the HBT lifetimes at high

temperatures from the Arrhenius plot, the mean time to failure (M'IqT) of the device at

room temperature can be estimated. The extrapolation is based on the assumption that

the degradation mechanism remains unchanged over the entire temperature range of

testing and the same activation energy applies. The common sources of device

degradation are diffusion of dopants, dielectric breakdown, surface or interface ion

migration, metal contact degradation, electromigration of metal lines, etc. In particular,

boron outdiffusion is one of the major concerns in the context of thermal budget in the



fabricationandoperationof SiGe/SiHBT, asit leadsto thedegradationof critical device
parametersas mentionedabove[7]. The acceleratedlifetime test can be usedas an
effective tool to identify the sourceof degradation. Additionally, analysisof thefailure
mechanismcanoffer valuablefeedbackon the designof devicestructuresfor long-term
reliability of thedevicesandcircuits.

In this study, it hasbeenfound that forward-biaselectrical-thermalstresscan
induce boron-outdiffusion and associateddegradationfor double-mesastructurenpn
Si/SiGeHBTs. The degradationbehavior hasbeenquantitativelymodeled,to the first
orderof approximation.The devicefailure mechanismhasbeenanalyzedand its impact
on deviceheterostructuredesignfor improvementof long-termreliability is discussed.
In what follows, the experimental techniques are described in Section 2. The
experimentalresultsof theacceleratedlife-time testingwill bepresentedandanalyzedin
Section3. The REID modelbasedon low-level injection theoryis presentedin Section
4. The comparisonof hot-electronreliability betweendeuterium-sinteredSiGe/SiHBT
and the control HBT will be presentedin Section 5 and the important results are
summarizedin Section6.

2.EXPERIMENTAL TECHNIQUES
The HBTsusedin this testingaregrownby solid-sourceMBE. Thedevices(Fig. 1)

havea 30 nm boron dopedSi0.TGe0.3baselayer with two undopedSi0.TGeo.3spacersof
thickness5 nm on eachsideof it. Antimony wasusedto dopetheemitter andcollector
layers. The epitaxial heterostructuresare fabricatedinto mesatype deviceswith 5x20
Ixm2emitter size,using standardphotolithographyandwet and dry etchingtechniques.
Details of theseprocedureshavebeendescribedin Ref.13. The schematiccross-section
of afinishedHBT is shownin Fig. 2. Themeasurementsetupusedfor the lifetime testis
briefly described.The deviceundertest (DUT) wasplacedon a temperature-controlled
hotplate and biased with collector-emitter voltage VCE and base current Ia in the
common-emitterconfiguration. VCE,suppliedby a Keithley 230 voltage source,was
fixed at 3 V, while In, supplied by a Keithley 220 current source, was feedback-

controlled by computer to maintain a constant collector current Ic of 13.5 mA, which

corresponds to a current density Jc of 1.35 xl04 A/cm 2 and dissipated DC power Pdiss of

40.5 mW. It is necessary to maintain a constant collector current level, which can vary

with a fixed base current due to the possible degradation of the current gain during the

test, in order to keep a constant electrical stress condition throughout the entire duration
of each test run. A HP2378A multimeter was included to monitor the collector current

levels so that the base current could be adjusted by feedback-control in case of deviation

from the acceptable range. The multimeter was also used to display the actual value of

VCE applied to the devices. The test was performed without any interruption, the bias

being applied to the devices continuously till they stopped operating. Post-stress
measurements were then made. Identical devices on the same wafer, which were only

subjected to thermal stress without any electrical stress during each test run are classified

as control devices and post-stress measurements were also performed on these devices.

The lifetime tests were performed for several different hotplate temperatures, ranging

from 175 °C to 275 °C. The corresponding junction temperatures, Tj, equal to 189.2 °C

and 289.2 °C, respectively, and all temperatures in between were calculated by the

expression,
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Emitter cap Si n+ Sb 5x10 TM cm "= 200 nm

Emitter Si n Sb lxl01acm "= 100 nm

Spacer Sil.xGex i 5 nm

Base Sil.xGez p+ B 6x1019cm "= 30nm

Spacer Sil.xGex i 5 nm

Collector Si n- Sb 2xl0_ecm 4 250 nm

Sub-collector Si n+ As 2xl0_gcm "31500 nm

=Substrate Si(100_ D- lxl0_=cm "_ 540 um

Figure 1.Schematic of Si/SiGe HBT, in which the As-doped subcollector layer is grown

by CVD and the rest of the heterostructure is grown by MBE.
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Figure 2. Schematic cross-section of a double mesa self-aligned Si/SiGe HBT.

T i = Pd,ssR,h "_"Lmb (1)

where Pdiss is the power dissipation, Rth is the thermal resistance, and Tamb is the ambient

temperature. The thermal resistance of the test device was extracted by the procedure

outlined in Ref. 14. After VBE is measured as a function of DC power dissipation with

increasing VCE and a fixed Ic at room temperature, VBE is measured as a function of

temperature with both VCE and Ic fixed. The two plots are then combined and a relation

between the temperature and the DC power dissipation is obtained. The slope of this plot

corresponds to the thermal resistance Rth, which was 350 °C/W in this case. It is assumed



in this calculationthatthehotplatetemperatureis closeto thejunction temperatureof the
device,which is thecasefor thesoft biasusedin themeasurements.

The accelerationof base-emitterjunction degradationwasperformedby applying
areversebias (VBE=-3.5 V) on the base-emitterjunction anda forward bias (VBc= 1.2
V) on the base-collectorjunction, asproposedby Neugroschel[8] so that a muchlarger
hot electronstreamcan be applied acrossthe base-emitterjunction. This acceleration
schemeis calledcurrentaccelerationandit wasperformedat theroomtemperature.The
degradationof thedevicewasmonitoredwith themeasurement(underVBE= 0.65V and
VCE= 4V) of DC currentgain, 13,at a certaintime interval. Two identicaldeviceswere
testedwith onesubjectedto deuteriumsinteringandtheotherwithout anysinteringasthe
control device.

3. RESULTS AND ANALYSIS
It hasbeenobservedthat the DC currentgain, 13,increasesinitially with time,

which originatesfrom the reduction of recombinationin the base region due to the
eliminationof interfacestatesandthe improvementof ohmic contactsby annealing[10],
[1I]. After that 13decreasescontinuouslywith stresstime, with a fasterreductionat the
initial andthe final stagesthan in the intermediatestage.This behavioris analyzedand
discussedin Section4. Figure 3 showsa typical degradationbehavior for the tested
HBTs. The constantcollector current and the step-like increaseof basecurrent are
manifestationsof the feedback control. The apparent failure of the devices is
characterizedby a zero 13value at the end of the testsasa result of negligiblecollector
currentafter the test. The base-emitterand base-collectorjunction characteristicswere
measuredafter thetestandcomparedwith thosemeasuredbefore.The measuredresults
for theTj=204.2°C caseareshownin Fig. 4. The reverse-biasedleakagecurrentof the
base-emitterjunction showsan increaseafter the stresstest.The increasein current is
also observedin the low forward bias range(below 0.7 V). An increasein leakage
currentacrossthebase-emitterjunction afterelectricalstresstestsis commonlyobserved
in bothSi BJTs [15]-[18] and GaAslAIGaAsHBTs[19]. It is believedto be causedby
interface statescreated by hot electrons [9], [15]-[18] at the base-emitterjunction
sidewall. Furthermore,anextra leakagecomponentcanbepresentif the diode ideality
factor is greaterthan 2. This originates from hot-electrondamageat and tunneling
through the dielectric layer separatingthe baseand emitter contact regions [9]. The
ideality factorof thebase-emitterjunction in thedeviceswereindeedgreaterthan2 after
the stress,andthereforethe additional tunnelingcomponentis expectedto contributeto
the total base-emitterleakagecurrent. The reverseleakagecurrent for the base-collector
junction, on theotherhand,showeda decreaseafterthestresswasapplied. Thisdecrease
is attributedto the reduction in generationcurrent in the base-collectorspacecharge
regionasaresultof thermalannealingduring thestresstest[19]. TheS-parameterswere
also measuredbefore and after the test. While the deviceexhibited high fT and fm._x
valuesbeforethe test, theseparameterscould not bemeasuredafter the test, indicating
that f'r andfmaxweredecreasedto lower than2 GHz, the lower frequencylimit of thetest
equipment.Therapidlydecreasingvaluesof the measured13neartheendof eachtesting
cycle area manifestationof the measurementtechnique.As describedin Section2, we
haveusedthe common-emitterbiasing modefor the lifetime tests. With a decreaseof



DC currentgain, the feedbackcontrol will increasethe basecurrentby increasingthe
base-emitterbias voltage VBE in order to keep the collector current constant. The
increaseof VBEwill accordinglydecreasethereversebiasvoltageVcBavailableto the
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Figure 3. Typical degradation behavior for a SiGe/Si HBT.
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Figure 4. Base-emitter and base-collector junction diode characteristics before and after

accelerated lifetime testing. Increased leakage current develops at base-

emitter junction in reverse and low forward bias regimes. The reverse bias

leakage current at base-collector junction is reduced.
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base-collectorjunction, sincethe collector-emitterbiasVCEis fixed at 3 V. Decreaseof
VCBwill expeditefurtherdecreaseof thecurrentgain. As a consequence,VBE will be

shifted to even higher values and it finally reaches the pre-set limit of 2 V (measured by

Keithley 230 voltage source).At this point, the base current will not be changed and the

degradation of DC current gain will cause the continual decrease of collector current, till

it reaches a negligible value. At a higher base-collector bias, there should still be some

current gain. In order to verify this measurement artifact near the end of the tests,
measurements were made on the devices after the test, wherein the HBTs was biased in

common-base mode, such that the base-emitter and base-collector biases can be varied

independently. Figure 5 shows the DC current gain versus collector-base voltage of a

typical device at different base-emitter bias conditions. It can be seen from this figure

that if the base-emitter bias is very small, the collector current is always negligible,

regardless of the base-collector bias, VCB. Also, the [3 values are very small even at

higher values of VBE.

The gradual decrease of 13 seen in Fig. 3 is considered to be the result of boron

outdiffusion and the associated formation of parasitic energy barriers [6], [7]. As boron

outdiffuses from the Sit.xGex base layer into the Si emitter and collector layers, the p-n

junctions move from the Si/SiGe heterojunctions into the Si layers, which broadens the

actual base width. Since Si has a wider bandgap and lower intrinsic cartier concentration

than Sit.xGe,,. parasitic energy barriers will be formed near the base-emitter junction and

turn-on voltage of the diode should be increased [19]. Figure 6 shows the forward

Gummel plots of an HBT before and after a stress test at Tj=204.2 °C. In addition to the

development of a base leakage current after the test, the collector current Ic profile is

shifted to higher VaE values, indicating the increase of device base-emitter turn-on

voltage. The shift of VBE was measured to be 50 mV at a collector current of llaA. The

low current value avoids the effect of series resistances [19]. Similar results were

obtained from the reverse Gummel plots (emitter current IE shifted to higher VBc values).

The increase of the turn-on voltages can only be caused by boron outdiffudion. The

Gummel plots measured on the control devices, which are only subjected to thermal

stress without electrical stress, do not show the increase of turn-on voltage. The testing

termperatures (up to 289 °C) are too low to induce thermally activated boron diffusion.

The current gain measured on the control device for each test run shows negligible

change after prolonged thermal stressing. Defining 50% 13 degradation as the failure

criteria, the MTTF was found to be 1.9x107 hours with an activation energy of 0.77 eV.

The Arrhenius plot of the lifetimes versus reciprocal of test temperatures is shown in Fig.
7.

4. DIFFUSION MODEL FOR GRADUAL DEGRADATION

Since boron outdiffusion occurs during the testing, a further step was taken to

analyze the outdiffusion-related gradual degradation behavior with a simple diffusion

model as outlined below. All the analysis is based on low-level injection theory, since

the base-emitter bias during the gradual 13degradation is about 0.6-0.7 V.

In a npn SiGe HBT, the collector current density Jc, assuming absence of hot-

electron effects, can be expressed as [23], [24]:
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Figure 6. Gummel plots of a SiGe/Si I-IBT before and after accelerated lifetime testing.
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Jc =q n_(x)D,,(x) ) e kr
(2)

where Wa is the neutral base width, VaE is the base-emitter voltage, p(x) is the base

doping, Dn(x) is the minority carrier diffusion coefficient and hi(X) is the intrinsic carrier

concentration of SiGe base, respectively. Assuming that the base current is generated
qVB.__._._E

only by hole injection from base into emitter, it is modeled as [20] Js = Jso e kr and the

analytical current gain takes the form:

fl_ Jc _ q II;. p(x) dxl -I
JB JBo,, n_(x)O.(x) ) (3)

For simplicity, it is assumed the germanium and boron profiles in the base region are

box-like, as shown in Fig. 8 [6]. Therefore, expanding the integral in Eqn. 3 to include

the out-diffused regions, we get,

( fo p(x) [;. p(x) [w.+me,. p(x) )-'dx

qB dx + dx + (4)
a-ave. %] (x)O. (x) n_z (x)D. (x) .,w. n_, (x)D. (x)
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whereAW E and AW c are outdiffused region widths, as shown in Fig. 8. In this analysis

it is assumed that the dopant atoms are fully ionized, i.e., p(x)=NA, over the base and out-

diffused regions and the diffusion coefficient Dn(x) is also constant over this region. If

Figure 8.

T Emitter Base Collector
I I

/ I

(n-doped) "=_._ =,=.. =..., " (n-doped)
lr_ !

;o/ i 10utdifused
_ boron

/
"AWE WB÷AWc

Depth

Model for boron outdiffusion from base layers into adjacent emitter and

collector layers due to electrical-thermal stress.

the parasitic energy barriers caused by the boron atom outdiffusion from base to both

emitter and collector regions are AE_ and AE_, respectively, Eqn. (3) can be rewritten

as"

2 • • " AE_ "_-I

fl = qD,,n:(SiGe)[wsJsoNa[,I+AWewB e --_- + AWcW8e-if-) (5)

Assuming that no boron outdiffusion has occurred at the onset of accelerated lifetime

: i
testing, then 13 = 130 = qD,,n_ (S Ge) at t=0, and therefore the normalized current gain

WBJsoNa

degradation due to outdiffusion-induced base width broadening can be expressed as

/3=130 I+AWews e'--_- +AWcws ,, k_- ]-I. (6)

This equation is used to analyze the measured degradation of current gain 13 with stress

time. In this work it is assumed that AWE=AWc=AL= D_st, where Ds is the effective

boron diffusion constant and t is the stress time. Thus the desired [3(t) relation is

obtained. Ds can be expressed as [21]
Ea

D, = Df °) + D_ ÷) Pe -ff (7)
ni
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where D_ °_ and D_÷) are the diffusion coefficients of boron-neutral-point-defect pairs

and of boron-positively-charged-point-defect pairs, respectively. EA is a bandgap and

doping related activation energy. Originally, values of D_°_ and Df ÷) at our testing

temperatures were extrapolated from those obtained in the literature [21] in this analysis.

However, it is noted here that the diffusion coefficient, D_ ÷_, is enhanced by a factor of

10 6 under bias conditions. Similar results were reported in the reliability tests of Be

doped GaAs Esaki tunnel diodes [22]. The values of AE_ and AE_ are computed from

the changes in Fermi levels produced by the boron outdiffusion. The decrease in the Sil.

xGex bandgap, AEg, with composition is calculated from [23], [24], zkEg =0.85x. Finally,

it is important to note that the heavy doping level in the base and out-diffused regions

will cause bandgap narrowing, which can be approximately expressed by the empirical

equation [25], [26], AE_ = E o In , where E 0 =18 meV and N 1=1017 cm "3.

The calculated variation of current gain with stress time is shown in Fig. 9

alongside measured data for several stress temperatures. The agreement of the calculated

results at the initial and the intermediate stages of each test run is fairly good, indicating

that the device degradation at each testing temperature is due to boron outdiffusion. As

mentioned before, the failure at the end of a test run is defined by different processes.

In formulating the diffusion model described above and utilizing it to analyze our

data, it was found that the diffusion coefficient of boron-positively-charged-point-defect

pairs (Di (+)) was enhanced by 6 orders under bias conditions. This anomalous behavior of

the boron dopant is attributed to recombination-enhanced impurity diffusion (REID),

which is reported in Be-doped GaAs [22]. For boron-doped npn Si/Sil.xGeJSi HBTs

under forward active bias, electrons are injected from the emitter into the base. A

fraction of the injected electrons will be captured by traps and recombination centers.

The excess energy of the electrons is released non-radiatively and transferred to boron

atoms, thereby enhancing their vibration and diffusivity. Because of the high efficiency

of the non-radiative energy transfer, the enhancement of boron diffusivity should be more

significant than thermally activated diffusion. This explains why a control device, under

the same thermal stress but without electrical stress, shows negligible DC current gain

degradation. Similar results were reported from reliability tests on Be-doped

GaAs/A1GaAs HBTs [19]. It is also appropriate to expect a more rapid degradation of

Si/Sil.xGex/Si HBTs at higher stress current levels.

The reliability study offers valuable feedback to device heterostructure design. In

practical applications, devices are usually driven at high current density for the purpose

of obtaining high speed or high power. In order to minimize Si/Si_._Gex/Si HBT

degradation under such operating conditions, it is imperative to reduce or eliminate

recombination-enhanced dopant outdiffusion from the base. In this context, a SiGeC

base region in npn Si/Sil._Gex/Si HBTs might perform better since it has been reported

that carbon can successfully reduce boron outdiffusion at elevated temperatures [27]. A

self-aligned mesa structure can reduce the parasitic base resistance. However, if the

separation between emitter and base contact regions is too small, the dielectric

12



passivationin betweenmay becausefor concern. In reality, a trade-offexistsbetween
HBT performanceandlong-termreliability issues.
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Figure 9. Measured (solid lines) and calculated (dashed lines) normalized current gain of

Si/SiGe/Si HBTs as a function of stress time for different junction

temperatures.

5. HOT-ELECTRON RELIABILITY IMPROVEMENT OF SiGe/Si HBT'S BY

DEUTERIUM-SINTERING

In order to find the best biasing conditions for (hot-electron) current acceleration

of SiGe/Si t-IBTs, the device was measured with the method proposed by Neugroschel [8]

(Fig.10). A safety margin has to be provided to avoid device breakdown during the

testing while the maximum accelerating hot-electron stream should be supplied in order

to reduce the testing time. With these considerations a VBE = -3.5 V and a VBc = 1.2 V

are selected, resulting a VCE = 4.7 V, which is 0.5 V lower than the breakdown voltage,

BVcEo = 5.2 V. The initial hot electron current passing through the reverse-biased base-

emitter junction is 18.7 mA, which is several orders higher than the actual hot-electron

current when a fresh device is under normal operation. This hot electron current was

monitored during the stress testing. The current profile is shown in Fig. 11. The step-

like current jump is due to the interruption of the measurement (under forward bias, VBE

= 0.65 V and VcE = 4 V) of the DC current gain. Whenever the stressing was paused for

measurement, part of the damage induced by hot electrons can be recovered. Once the

stressing process is resumed, the hot-electron current level will be recovered within a

short time as if the interruption did not exist. This is the typical phenomenon observed in

hot-electron induced reliability testing and it has been reported in Ref. [18] and [19].
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Two identical devices were tested with the same initial accelerating current: one device

was subjected to deuterium sintering and the other was not subjected to any sintering.

The normalized DC current gain degradation of these two devices (measured at the same

bias conditions) is shown in Fig. 12.

1
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Time (hr)
Figure 12. DC current gain degradation with time for two identical SiGe/Si HBTs: square

mark shows the SiGelSi HBT (control device) which was not subjected to any

sintering before testing and the triangle mark show the one which was

subjected to deuterium sintering.

Since the control device was not subjected to any sintering before the test, the current

gain degradation profile does not show a monotonic drop and the initial increase of gain

is due to the annealing effect resulted from the heat generation by the current. After that

a continuous drop of 13 is observed. On the other hand, the degradation of 13for the

deuterium-sintered device shows a monotonic drop because of the sintering process.

Regardless the annealing effect in the control device, the degradation of the control

device is still at a faster rate than the one sintered in deuterium after the initial 13 increase

stage, indicating that the SiGe/Si HBT which is subjected to deuterium sintering is more

resistant to hot-electron induced degradation. The role of deuterium in the reliability

improvement of the SiGe/Si HBT lies in its heavier mass than hydrogen. Since hydrogen

always exists during the device growth and fabrication, the dangling bonds at the

interface between the Si/SiGe and the passivation layers (SiO2) are usually passivated by

hydrogen atoms. These hydrogen-passivated dangling bonds can be damaged by hot

electrons and an extra conducting path can thus be generated along the interface as a

manifestation of high leakage current across base-emitter junction. For double-mesa type

HBTs, the hot electrons are mainly generated at the comer between the emitter sidewall

and the exposed base layer since high electric field exists in this area. A deuterium

sintering process can replace the hydrogen atoms with deuterium atoms. Since deuterium
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atomsareheavierthan hydrogenatoms,they aremore difficult to be removedby hot
electronsandhencethedegradationrateof thecurrentgainbecomesslower.

6. CONCLUSIONS
A detailedstudyof forward-biaselectrical-thermalstressinduceddegradationof

Si__xGex/SiHBTs is presented.From the extrapolationof the Arrheniusplots of device
lifetime versusreciprocaltemperaturethe meantime to failure (M'IqT) of thesedevices
at room temperature,under 1.35xl04 AJcm 2 current density operation, is estimated to be

1.9x107 hours with activation energy of 0.77 eV. In these devices the gradual

degradation and eventual failure are mainly caused by recombination enhanced boron

outdiffusion from the base layer. Good agreement of the gradual degradation behavior is

obtained with calculated results based on an analytical model which takes into account

base dopant outdiffusion and the associated formation of parasitic energy barriers. Hot-

electron reliability improvement of SiGe/Si HBT has been achieved by deuterium

sintering.
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